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................. , •....c• directional reflectance are '•'* properly •ostract  •0Ilii¾1OIlly, experimental data on uttacc .or 
corrected for atmospheric effects. In this paper, we describe anew method for rigorous 
retrieval of the bidirectional reflectance distribution function (BRDF) from ground-based 
measurements. It obtains the pointwise BRDF in the view directions and the best fit 
parameters ofthe approximating analytical model. Unlike previously developed algorithms, it 
can perform a retrieval using directional observations made at a single solar angle. This 
improvement allows one to process experiments with incomplete sets of measurements, such 
as those contaminated by clouds. The paper describes the performance ofthe method and its 
sensitivity o atmospheric parameters. Using rigorous direct modeling of the reflected 
radiance and developed inversion algorithm, we performed an analysis of BRDF errors, 
typical for measurements. I  shows that the B RDF shape distortions due to diffuse irradiance 
are considerable in the visible and near-IR, even for low aerosol content in the atmosphere. 
This result confirms that an accurate atmospheric correction should be a required processing 
step in the experimental research of anisotropic surface reflectance. 
1. Introduction 
Experimental study of the directional reflective properties 
of vegetated land covers in the visible and near-IR parts of the 
spectrum was initiated by Kriebel [1974] in the early 1970s. 
Lee and Kaufman [1986] conducted one of the first 
theoretical simulations showing the significance of 
anisotropic effects in the remote sensing of vegetation from 
space. Now this is a rapidly evolving area of research 
encompassing different theoretical modeling and 
experimental branches. Interest in the BRDF of land covers is 
motivated by many reasons, including the potential indirect 
determination of plant parameters [Privette et al., 1994], 
atmospheric correction of satellite images [Vermote et al., 
1997], land cover classification [Strahler et al., 1996], and 
others. 
A major problem in deriving the BRDF from 
measurements is accounting for diffuse skylight. Deering and 
Eck [1987] proved experimentally that the surface reflected 
radiance strongly depends on turbidity of the atmosphere. 
Kriebel [1974] and Martonchik [1994] developed accurate 
biconical refiectance/BRDF retrieval algorithms based on 
radiative transfer solutions. Both methods require 
measurements to be performed for a representative number of 
solar zenith angles and use interpolation techniques to obtain 
data at missing zenith and azimuthal angles. 
This paper is not subject to U.S. copyright. Published in 1999 by the 
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However, most publications report uncorrected surface 
reflectance. In this work, we show that accurate atmospheric 
correction is necessary in ground-based BRDF/albedo studies 
in the visible and near-IR spectral regions. This conclusion 
follows from rigorous simulations of the radiative fields over 
anisotropic surfaces and accurate inversions for the BRDF. 
The radiative transfer problem was solved with the spherical 
harmonics method [Lyapustin and Muldashev, 1998]. It takes 
into account all orders of scattering in the atmosphere and 
treats the boundary conditions analytically, which results in a 
high accuracy (on average, 0.2-0.3%) and speed of 
calculations. To process measurements, we developed an 
original BRDF retrieval algorithm based on principles of 
rotational symmetry and reciprocity. This paper describes the 
algorithm (section 2) and provides a systematic study of 
atmospheric effects in B RDF/albedo retrieval (sections 3 and 
4). Section 5 analyzes the errors in typical BRDF 
measurements, induced by diffuse skylight. Experimental 
applications of our method will be given in future papers. 
2. Algorithm 
The lower boundary condition of the radiative transfer 
equation allows one to find the reflected radiance I(xo, V) in 
the direction v for the specified surface BRDF r(v', v ) 
I(%,v) S•gor(v o v )e + drp' r(v ,v)I(•' o ..... = , o _ ' ,v )#a# 
lC o 
(1) 
Here S•. is the extraterrestrial solar irradiance; Xo is the 
atmospheric optical thickness. The incidence and reflectance 
directions v',v are defined by zenith and azimuthal angles 
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(0, q0), #=cos0 and /&=cos0o. In our notations, #<0 for the 
upward and #' >0 for the downward directions. 
Let us assume that both the reflected and incident radiance 
fields are measured on some grid of angles with a sensor of 
small aperture that will let us deal with the bidirectional rather 
than with the biconical reflectance. Equation (1) provides the 
basis for determining the pointwise function r(v;, v k ). If the 
measurements of the sky and reflected radiance are performed 
for a complete set of solar zenith angles {•}, which includes 
all zenith view angles {•n}C{ #• }, the discussed problem 
becomes the well known Fredholm equation of the 2nd kind 
with a known kernel I(zo, V' ). Under clear-sky conditions, it
has a unique solution, which can be found with the resolvent 
method [Mikhlin, 1957]. 
At large optical thickness, the first term of (1) becomes 
negligibly small, and (1) tums into a Fredholm equation of the 
1st kind. The inverse problem in this case is ill posed and 
requires a regularization in order to confine the multitude of 
plausible solutions. 
We will consider only the experimentally significant case 
of medium to high transparency of the atmosphere. Owing to 
experimental constraints in field conditions or atmospheric 
instability, reliable measurements are frequently available 
only for a single or a small number of solar zenith angles. In 
this case there are insufficient data to use the standard way of 
solving the Fredholm equation. However, we can use a priori 
information on the general BRDF shape in a form of 
analytical model, whose parameters can be found from 
measurements made at single solar angle. The analytical 
model is required to extend the estimate of BRDF at a given 
solar angle 00 to the upper hemisphere of directions in order 
to evaluate the integral term of equation (1). The resulting 
BRDF in our algorithm is a composite function having 
accurate values in the directions of measurements, 
corresponding to measured intensities, and model values at 
other directions. 
We require the analytical model to have properties of 
rotational symmetry and reciprocity. The first property implies 
that the BRDF depends only on relative azimuth. As 
mentioned by Kriebel et al. [1996], it holds as long as the 
surface has no strong linear structure. The principle of 
reciprocity follows from theoretical considerations [e.g., 
DeHoop, 1960]. They prove that the BRDF of structural 
surfaces is reciprocal as long as reflection from the surface 
primary element is reciprocal, which is generally true [Snyder, 
1998]. Although Kriebel [1996] raised the question of the 
validity of reciprocity in experiments, he has only shown that 
the possible deviations are small. 
The main mechanism behind the reciprocity violation is 
lateral inhomogeneity of the observed and surrounding area. 
First, it causes a nonzero horizontal photon transport from 
brighter to darker area, which breaks the reciprocity 
[Girolamo et al., 1998]. Second, the averaging area, and 
therefore the degree of nonuniformity of the observed scene, 
depends on the view zenith angle. This may violate both 
reciprocity and rotational symmetry. Therefore we assume 
further that the B RDF measurements are performed in the far 
field and the field of view is large enough [Snyder, 1998]. 
Practically, this means that the observed area at all view 
angles should be much larger than the size of primary 
structure elements of the surface. 
Let I(Vo,Vi) and I•n)(Vo,Vi) denote the measured 
radiance in the direction v i and the theoretical radiance at nth 
iteration, respectively. To solve the problem, we use the 
following iterative algorithm: (1) Calculate 
where 
F/© = F/(n-l) q'(•/•F/© , (2) 
Arc(n) = e *•ø {I(v 0,v,)- I• •-ø (v o ,v,)l/Sx#o, (3) 
and c• is a relaxation parameter (weight factor) which 
accelerates convergence. (2) Find the best fit parameters of 
the analytical BRDF model for the pointwise function rf n) .
(3) Compute the theoretical radiance I•n) (Vo,Vi) for the 
composite BRDF, which is equal to rf n) at angles v• and to 
the values of analytical model at other directions. (4) Evaluate 
the standard deviation c•{l(v 0 ,v•)- I• n) (v o ,v i )}. (5) Repeat 
steps 1-4 until c•<_e, where e is a given error threshold. 
The use of the composite function allows us to retain 
specific features of measured reflectance in the directions of 
measurements, which may be useful in the validation of 
BRDF models and retrieval of surface physical properties. 
Parameters of the analytical BRDF model potentially have a 
number of applications, from realistic radiative transfer 
simulations to land cover classification. Note that the choice 
of the analytical model has no significant effect on the 
retrieval as long as the model fits well the general shape of 
the measured BRDF. 
As an analytical BRDF model, we employ the Rahman- 
Pinty-Verstraete (RPV) function [Rahman et al., 1993] 
depending on 3 parameters (p, k, g). This empirical model is 
flexible enough to approximate the surface reflectance well 
[Engelsen et al., 1996] and has the highest accuracy among 
10 commonly used models in predicting nadir reflectance and 
surface albedo [Privette et al., 1997]. 
To solve the best fit problem in step 2, we use the modified 
RPV (MRPV) function, where the Heney-Greenstein term is 
substituted by an exponential function exp(bcos7), where ¾ 
is a scattering angle. This modification of Martonchik et al. 
[1998] allows one to linearize the MRPV function for an 
efficient inversion. We use the following algorithm: 
logarithmic transformation of the MRPV function R lineadzes 
it for the unknowns k and b 
1-p In R = (k - 1) In ##0 (# + #o ) + b In cos 7 + In p(1 + ) 
I+G 
(4) 
Parameters k, b, p are then found from the least squares 
problem, 
F = • r, 2 (In R, - In r,)2 = min {k, b, p} (5) 
which is expanded into three explicit equations following 
from 
3•/Jk:0, 3•/Jb:0, 3½p=0 (6) 
The first two equations, linear in parameters k and b, can be 
solved with respect to these two parameters. The 
corresponding expressions are substituted into the third 
equation, which gives the nonlinear equation for the unknown 
p, f(p)=0. The function f(p) is continuous and takes opposite 
signs on the borders of interval [0, • ), which confines the 
range of parameter p. The value • is an arbitrary large 
LYAPUSTIN AND PRIVETFE: METHOD OF RETRIEV•G SURFACE REFLECTANCE 6259 
number, say, • = 100. On the basis of these properties, we use 
the Wijngaarden-Dekker-Brent algorithm [Press et al., 1992] 
to find a root of f(p)=0. Having found p, it is easy to find 
parameters k and b analytically. Compared to nonlinear 
minimization, this approach is much faster and less 
demanding of computational resources. 
The form of the merit function, F = • r/2 (In R i - In r/)2, 
provides an unbiased solution equivalent to the result of 
minimization f the standard form Fs, - • (Ri - ri)2 . To 
prove that, it is sufficient o show that F--->Fst in the vicinity of 
the minimum. Near the minimum, Ri/ri - 1 + 6i, where 6i< < 1 
for all i, provided that the analytical function Ri approximates 
the measurements uniformly. Therefore one can expand the 
,,,•,•.4•h T.•yl .... ,4e• ret,i•,i•,g •,•,l,, a linear term, 1  3 ...... m into a ...... ............ .  
r/(In R i - In r,. ) = r/In R•r i ---> r•6 i - R i - r,. (7) 
which leads us to the standard form Fst. 
Another form of merit function, • (ln R i - In r/)2, is 
sensitive to noise in the data, which may bias the solution. In 
this case, the random errors of measurements ei are amplified 
in the vicinity of the minimum as •;i/ri since ri<l or even ri<<l 
in the meaningful domain of view angles, except for relatively 
large ones where ri>l. 
On the basis of the described iterative scheme, we have 
developed two algorithms. The first one inverts (1) for the 
function r(lU',lU, rp-rp') based on measurements of the 
incident and reflected radiance. In this case, the integral term 
of (1) is estimated using trapezoidal quadrature. The second 
algorithm involves the radiative transfer calculations to 
compute he radiance I•n) (Vo ,vi) in step 3. This algorithm 
does not require the measurements of skylight but relies on 
ancillary information about the atmospheric optical 
properties. In the next two sections, we discuss the 
performance of these algorithms and describe their sensitivity 
to the atmospheric and geometrical conditions. 
3. Properties of Numerical Scheme 
First, we will establish some important properties common 
to both algorithms. 
3.1. Range of Validity 
At small and medium atmospheric opacity (x_<0.7), the 
algorithm's convergence is stable and fast. It is not sensitive 
to the initial estimate of BRDF, which becomes an issue at 
larger optical thickness. The initial estimate can be obtained 
either from the direct or from the total surface irradiance 
•o l(vo v)/Sx!.t o (8a) r © (v 0 ,v )= e' , 
r © (Vo ,v )= n:l(vo,V)/F(!,t o) (8b) 
where F(it0) is the total downward flux. To obtain the 
estimate (8a), one needs to know only the aerosol optical 
thickness. However, (8a) neglects the contribution of the 
diffuse incident radiance, which becomes increasingly 
important as the optical thickness and solar zenith angle 
increase. This effect can be seen from Figure 1 showing the 
corresponding decrease of the relative direct flux (F•F). 
Since our algorithm requires the first term of equation (1) to 
be not negligible compared to the second term, the optical 
thickness hould not exceed some critical value (x ma•) for the 
sake of convergence. The value x max obtained in numeric 
simulations for nonabsorbing aerosol is shown in Figure 2. 
Calculations show that the value xmas(00) is virtually 
independent of the aerosol scattering function, or in other 
words, of the size distribution of aerosol particles. This value 
can be translated into the ratio of fluxes which gives the 
i 
1.000 - 
0.100 - 
0.010 - 
0.001 
Solar zenith 
angle 
•/.•, ....... • .... o 0 ..... 
........ •/•f/,•,/3'/•/ ...... '• '- - /•/,•.  [] 30 :: 
, , 
Aerosol optical thickness 
Figure 1. Ratio of the direct to the total incident flux (Fa•F) as a function of the optical thickness and solar zenith angle 
(SZA) at 0.55 gm. The bidirectional reflectance distribution function (BRDF) retrieval algorithm is valid in the selected 
range of Fa•F •_0.1-0.15. 
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2.4- 
2.0 I 
1.6 I 
0.8 
Solar zenith angle 
Figure 2. Range of atmospheric optical thickness where the initial approximation (8a) works. 
constraint of validity Fd•/•-0.1-0.15. From Figures 1 and 2 it 
follows that the range of possible atmospheric conditions is 
wide at high Sun but narrows sharply at low Sun (00>70ø). 
Obtaining an initial estimate with (8b) lifts the described 
limitations. For example, we achieved the convergence at 
x=2.6 and 00=65 ø. However, this way requires amore detailed 
knowledge of aerosol properties for the calculation of 
incident flux. 
In most circumstances, atmospheric conditions fall within 
the range •_0.7 (at 00<75 ø) and formula (8a) can be used. 
Notice that the described limitation on optical thickness 
follows from the properties of the adopted numerical scheme 
and has nothing to do with the fundamental transition of 
equation (1) from the Fredholm equation of the 2nd kind into 
equation of the 1st kind. This constraint comes into effect 
when the direct incident flux becomes commensurable with 
the noise level. 
3.2. Number of Iterations to Convergence and 
Weight Factor 
The weight factor • is assumed to be constant throughout 
the iterations. Depending on optical thickness, it can be 
selected optimally to maximize convergence. Figure 3 shows 
the optimal weight factor as a function of the atmospheric 
optical thickness and the corresponding minimal number of 
iterations for a medium solar angle of 45 ø. Iterations topped 
at {J<0.5x10 -4, which means that the measured radiance was 
approximated at an accuracy of better than 0.1-0.3%. As one 
can see, at 'c<0.7 and optimal weight, this algorithm is very 
efficient and requires only two to six iterations. 
4. Sensitivity Study 
The developed algorithms compute the contribution of the 
skylight into reflected radiance, or the integral term in (1), 
differently. The second algorithm, based on the radiative 
transfer solution, accurately calculates this term for an 
assumed aerosol model independently of the geometry of 
observation (the overall interval and the number of view 
angles). In contrast, the first algorithm does not depend on an 
aerosol assumption, but it is sensitive to the geometry of 
measurements. Below, we study the sensitivity of the first 
algorithm to the geometrical effects and the second algorithm 
to the atmospheric effects. The analysis was performed for 
two surface types, grass [Myneni and Asrar, 1993] and 
plowed field [Kriebel, 1974]. The grass is dark in the visible 
with an albedo q(45ø)=0.028, and bright in the near-IR, with 
q(45ø)=0.42. The plowed field has a medium reflectance with 
nearly constant albedo, 0.17 in the visible and 0.18 in the 
near-IR. 
30-- 
½e 25- 
0 
..., 
20-- 
'- Iõ-- 
E 
,- 10-- 
.,. 
E 
T= ,5-- 
o 
Optical thickness 
--1 
Figure 3. Optimal weight factor (crosses) as a function of the atmospheric optical thickness and the corresponding 
minimal number of iterations (diamonds) for a medium SZA 45 ø. 
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4.1. Atmospheric Effects 
Initially, we have simulated the reflected radiance for the 
aerosol scattering function of Elterman [1968] at 0.75 gm 
(EL075) with asymmetry of scattering <cos7>=0.58 and 
absorption coa=0.95. The atmosphere was modeled as a 
vertically uniform mixture of air molecules and aerosol 
particles with loading varying from 'ca=0.1 (clear) to Xa=l 
(hazy). 
In the retrieval procedure, the aerosol optical thickness was 
modified by +40% and +20% for the clear and hazy cases, 
respectively, and aerosol absorption was varied in the range 
o)a=0.8-1. The asymmetry of scattering <cosy> was varied 
from 0.48 (indicatrix of Elterman at 0.55 gm, EL055) to 0.72 
(indicatrix of Krekov and Rahimov, [1982] at 0.6943 gm, 
KR069). These variations of the input aerosol parameters 
overlap the typical range for continental aerosols and 
marginally exceed possible errors of measurements. 
The results of this study are presented in Table 1. The first 
row of the table gives the correct solution. The other rows 
present solutions obtained with the deviated parameter xa or 
{1} a or with the different scattering function. The error of 
solution is roughly a linear function of errors in the input 
aerosol parameters, which allows one to estimate the realistic 
expected accuracy of retrieval. Since the solution is 
represented by three parameters of the MRPV model, all of 
which shift as we perturb the input parameters, we also use 
surface albedo as an integral measure of sensitivity. Albedo 
itself changes with atmospheric optical thickness, so we 
restrict ourselves to simulations at solar zenith angle of 50 ø ,
when this effect is minimal [Lyapustin, 1999]. 
Results of Table 1 show that if the atmosphere is clear, 
reasonable variations in the aerosol model have little effect on 
the retrieved albedo (1-2% of magnitude). At xa<0.5, the error 
in the input parameters Ax•/x•=20% or Aco•=_+0.05 or 
A<cos7>=_+0.12 give the same error Aq/q< +3-4%. Parameters 
p and especially b are subject to a factor of 2-3 larger 
variations. For a hazy atmosphere, uncertainty in aerosol 
absorption will most likely cause the largest error. At typical 
error Aco•<_+0.05 [e.g., Hobbs et al., 1997], the error in 
surface albedo does not exceed 10%. The same error may be 
caused by the variation of aerosol scattering function. 
Table 1 also reveals an interesting selective sensitivity of 
retrieved MRPV parameters to the individual aerosol input 
parameters. Parameter p is primarily affected by the variation 
in aerosol absorption, and parameter b depends more on the 
aerosol optical thickness. Parameter k is mainly defined by the 
anisotropy of reflectance and is not very sensitive to the 
aerosol characteristics. Using the major influential factor 
only, one can write in a functional form/9•fl(W a) and b•-•f2(•). 
This selective sensiti. vity seems to be an interesting subject for 
future research. 
Thus, at small and medium aerosol loading, the uncertainty 
in atmospheric parameters results in rather small error (53- 
4%) in the retrieved surface albedo. At the same time, 
individual parameters of the MRPV model have a noticeable 
Table 1. Aerosol Effect on Retrieval of Bidirectional Reflectance Distribution Function (BRDF) 
and Albedo at Different Atmospheric Opacities (za=0.1, 0.5, 1.0) at 0.65 gm 
Grass Plowed field 
4; to a p k-1 b q p k-1 b q 
0.10; 0.95 0.0132 -0.1955 0.5737 0.0276 0.0612 -0.3378 0.9303 0.1728 
0.14; 0.95 0.0132 -0.1967 0.5909 0.0282 0.0609 -0.3383 0.9568 0.1749 
0.06; 0.95 0.0131 -0.1941 0.5574 0.0275 0.0613 -0.3374 0.9061 0.1708 
EL055 0.0133 -0.1959 0.5771 0.0280 0.0612 -0.3386 0.9396 0.1739 
KR069 0.0131 -0.1942 0.5696 0.0276 0.0611 -0.3357 0.9207 0.1715 
0.10; 1.0 0.0131 -0.1955 0.5766 0.0276 0.0605 -0.3378 0.9358 0.1716 
0.10; 0.8 0.0135 -0.1950 0.5656 0.0284 0.0631 -0.3382 0.9194 0.1768 
0.50; 0.95 0.0130 -0.1977 0.5835 0.0277 0.0609 -0.3399 0.9313 0.1738 
0.60; 0.95 0.0131 -0.2028 0.6272 0.0286 0.0601 -0.3459 1.0008 0.1793 
0.40; 0.95 0.0129 -0.1920 0.5448 0.0268 0.0615 -0.3344 0.8661 0.1683 
EL055 0.0132 -0.2011 0.6081 0.0286 0.0608 -0.3441 0.9743 0.1784 
KR069 0.0127 -0.1926 0.5558 0.0266 0.0610 -0.3323 0.8784 0.1677 
0.50; 1.0 0.0124 -0.1987 0.5985 0.0267 0.0576 -0.3409 0.9566 0.1669 
0.50; 0.8 0.0149 -0.1933 0.5419 0.0310 0.0715 -0.3369 0.8649 0.1950 
1.00; 0.95 0.0127 -0.2049 0.6130 0.0278 0.0607 -0.3412 0.9345 0.1740 
1.20; 0.95 0.0128 -0.2202 0.7023 0.0296 0.0580 -0.3584 1.0915 0.1848 
0.80; 0.95 0.0127 -0.1883 0.5185 0.0261 0.0621 -0.3261 0.8057 0.1636 
EL055 0.0131 -0.2112 0.6570 0.0293 0.0597 -0.3509 1.0279 0.1824 
KR069 0.0123 -0.1946 0.5470 0.0258 0.0609 -0.3290 0.8350 0.1634 
1.00; 1.0 0.0114 -0.2086 0.6481 0.0255 0.0534 -0.3455 0.9945 0.1576 
1.00; 0.8 0.0171 -0.1920 0.5128 0.0351 0.0844 -0.3303 0.8010 0.2206 
The first row of each section gives the accurate aerosol and BRDF model parameters. Other data represent 
solutions with the aerosol optical thickness, scattering function, and absorption assumed with errors. 
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sensitivity to the aerosol model. Presently, parameters of the 
purely mathematical MRPV model are not related to the 
physical properties of surface, which could drive the accuracy 
requirements. Unless this relation is established, we hesitate 
to specify the secondary accuracy requirements for the 
ancillary aerosol data since surface albedo is not very 
sensitive to the aerosol model. Alternatively, such 
requirements may be established, for example, in the problem 
of land cover classification based on separability of classes in 
the phase space that includes three MRPV/RPV parameters. 
This, however, is also a subject of future research. 
We used the RPV model in forward calculations and the 
MRPV model in the inversion. Both functions originate from 
the model of Minnaert [1941] and have approximately the 
same capabilities in fitting the experimental BRDF. In the 
error budget, however, one may anticipate the largest errors in 
case when the MRPV model poorly fits the general shape of 
the real BRDF. To avoid this situation, we plan to use a 
representative set of parametrical BRDF models, for example, 
those valid in different radiative transfer regimes in plant 
canopies [Privette et al., 1997] and select the optimal one 
using the best fit criteria. 
4.2. Geometry of Measurements 
The accuracy of the first algorithm is limited by the 
accuracy of evaluation of the integral term of (1), which in 
Molecular atmosphere 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
Optical thickness 
o 0.1 
[] 0.5 
• 1 
0.00 
-90 -60 -30 0 30 6'0 90 
100.0 - 
10.0 - 
1.0-- 
0.1 i 
Aerosol atmosphere 
-90 -60 -30 0 30 60 90 
Zenith view angle 
Figure 4. Angular dependence of the normalized downward diffuse radiance for different optical thickness of the 
atmosphere, showing the radiance in (a) molecular and (b) aerosol (scattering function EL075) atmospheres. The open and 
solid symbols correspond to the principal nd cross planes, respectively. 
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turn depends on the geometry of measurements. Typically, the 
incident and reflected radiance are measured on an equidistant 
angular grid with 10-15 ø zenith and 30-45 ø azimuthal grid 
steps [Kriebel, 1974; Deering and Leone, 1986]. The range of 
zenith angles is usually restricted to 10-15ø<0<75 ø . This 
limitation leads to some underestimation of the integral term 
in (1). As a result, the minimal residual error o in this 
algorithm, as our calculations show, does not decrease below 
10-3_10 -4. 
Since the grid of angles is rather sparse, the anisotropy of 
the sky radiance can be an additional source of errors. Over 
land, the scattering function is usually characterized by a 
strong forward scattering peak, so the diffuse radiance in the 
Sun aureole may exceed the average sky radiance by orders of 
magnitude. For example, Figure 4 shows the incident radiance 
for the aerosol-free (a) and purely aerosol (b) atmosphere with 
aerosol scattering function EL075. The aureole area, as one 
can see, may extend up to 10 ø. If one of the sky radiance 
measurements falls into the sun aureole area, the integral term 
will be considerably overestimated and the resulting BRDF 
underestimated. 
We investigated the effect of the number of zenith view 
angles Na in the range 0<0<75 ø at A9=30 ø on the accuracy of 
BRDF/albedo retrieval. Table 2 shows the corresponding 
dependence of the surface albedo on Na for the plowed field. 
The results presented in the second row of the second and 
third columns illustrate the case when one of the view angles 
is very close to the direction of sun causing considerable 
underestimation of albedo. In the last column, the solar angle 
was shifted to avoid this situation. 
The cases Na =6, 8 correspond approximately to the 15 ø 
and 10 ø zenith angle grid steps. All other conditions being 
equal, the accuracy of the solution at grid step 10 ø will be 
higher. Though it is not straightforward given the overall 
small number of view angles, the increase of N• in general 
allows one to obtain a higher signal-to-noise ratio and to 
better characterize the BRDF. 
5. Accuracy of BRDF Measurements 
Most experimental BRDF reports fall into three major 
groups: (1) an apparent reflectance, Rl=I/Sxlao, [Eaton and 
Dirmhirn, 1979; Deering and Eck, 1987]; (2) BRDF given by 
(8a), partially corrected for the direct illumination, R2, and (3) 
reflectance, obtained with a reference panel R 3 (8b), [e.g., 
Kimes et al., 1986; Kimes and Newcomb, 1987]. 
Table 2. Dependence of Retrieved Surface Albedo on 
Number of Zenith View Angles in the Range 0<0<75 ø .
N,, q(45ø), xa=0.1 q(45ø), xa=0.4 q(35ø), xa=0.4 
6 0.1608 0.1327 0.1770 
8 0.1722 0.1706 0.1732 
10 0.1741 0.1763 0.1701 
12 0.1736 0.1739 0.1674 
True albedo 0.1697 0.1709 0.1689 
Azimuth grid size is 30 ø . The last row gives the accurate albedo 
at 0.75 gm given the solar angle and aerosol optical thickness. 
Measurements of the third group are most accurate, however 
none of these groups gives the true BRDF. Thus, a significant 
amount of data in the currently accumulated atabases of the 
spectral-directional surface reflectance have only approximate 
or no correction for atmospheric effects. Moreover, until now 
the magnitude of atmospheric distortions in the reported 
BRDF has not been clear. 
To fill this gap, we present he results of an error study for 
the reflectance factors R1-R3 at three wavelengths, 0.45, 0.65 
and 0.85 gm. Figures 5a and 5b show the relative errors 
(r/R-l, %) in the principal plane for grass in the visible and 
near-IR ranges. One can see that the BRDF is always 
underestimated in group 1 and overestimated in group 2. 
Group 2 gives the largest error proportional to the relative 
diffuse incident flux. Group 3 gives the "centered" reflectance 
factor, so that after being integrated over angles, it should 
predict the albedo, which is accurate to the factor of multiple 
reflections between the surface and the atmosphere. However, 
even in this group at 'ca=0.1 the shape of BRDF can be 
considerably distorted, up to +12% in the red and +8% in the 
near-IR. 
Figures 6a and 6b show the relative errors in the 
corresponding MRPV parameters and surface albedo in 
groups 2 and 3. The errors are considerable in group 2 when 
albedo for the aerosol-free atmosphere is overestimated by up 
to 19% at 0.45 I.tm, by 5% at 0.65 I.tm, and by 2.4% at 
0.85l.tm. At •=0.1, these errors increase up to 39%, 18%, and 
19%, respectively. In group 3, deviation of albedo from the 
accurate value is due to the multiple reflection of light 
between the surface and the atmosphere. The effect is 
stronger over a brighter surface. 
Over surfaces of medium and high reflectance, the errors 
shown may considerably exceed the tolerance of climatologic 
models that require an accuracy of _+0.02 in the global albedo 
data sets [Sellers, 1993]. A review by Henderson-Sellers and 
Wilson [1983] shows that different climate models predict a 
significant response of the global climate temperature to the 
uncertainty Aq=+0.01, from -T-0.2 to -T-2 K. This means, in 
turn, that more accurate climate modeling will require a more 
stringent knowledge of the global surface albedo, which is 
unattainable without proper atmospheric orrection. 
6. Conclusions 
We have described a new algorithm for the accurate 
retrieval of surface BRDF from ground-based measurements. 
Compared to methods of Kriebel [1974] or Martonchik 
[1994], which need measurements at a representative number 
of solar zenith angles, our method is able to obtain the BRDF 
from measurements at a single solar angle. This improvement 
allows one to process field data despite an incomplete set of 
measurements, as may be the case on partly cloudy days. On 
the other hand, our method works similarly to the method of 
Martonchik if measurements are available for many solar 
angles. The main difference in this case is the method of 
BRDF interpolation; instead of spline interpolation, we use a 
parametric BRDF model. 
The accuracy of BRDF/albedo retrieval is limited by our 
approximate knowledge of aerosol parameters. At maximal 
uncertainty, the error in surface albedo determined by the 
retrieved BRDF does not exceed ___3-4% at •f_<0.5. The errors 
of MRPV parameters p and b can be a factor of 2-3 higher. At 
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this point, however, we cannot make a good judgement about 
the sufficiency of this accuracy. The answer to this question 
should come from practical applications such as land cover 
classification or the derivation of physical surface properties. 
One of the purposes of this work was to estimate errors in 
the uncorrected BRDF data usually reported in the literature. 
Our simulations have shown that the distortions of the BRDF 
shape are considerable ven at low aerosol optical thickness. 
For example, the reference panel technique measures the 
BRDF with an error of up to +12% in the red and +8% in the 
near-lR at xa=0.1. These results suggest hat the atmospheric 
correction should be a required step in the processing of field 
reflectance data. 
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